Effects of the supercharging reagents m-NBA and sulfolane on sodium ion adduction to protein ions formed using native mass spectrometry were investigated. There is extensive sodium adduction on protein ions formed by electrospray ionization from aqueous solutions containing millimolar concentrations of NaCl, which can lower sensitivity by distributing the signal of a given charge state over multiple adducted ions and can reduce mass measuring accuracy for large proteins and non-covalent complexes for which individual adducts cannot be resolved. The average number of sodium ions adducted to the most abundant ion formed from ten small (8.6-29 kDa) proteins for which adducts can be resolved is reduced by 58% or 80% on average, respectively, when 1.5% m-NBA or 2.5% sulfolane are added to aqueous solutions containing sodium compared to without the supercharging reagent. Sulfolane is more effective than m-NBA at reducing sodium ion adduction and at preserving non-covalent protein-ligand and protein-protein interactions. Desalting with 2.5% sulfolane enables detection of several glycosylated forms of 79.7 kDa holo-transferrin and NADH bound to the 146 kDa homotetramer LDH, which are otherwise unresolved due to peak broadening from extensive sodium adduction.
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Introduction
The effects that different salts can have on protein stability have been known since the late 1800's, when Franz Hofmeister reported an ordering of cations and anions based on their ability to salt in or salt out proteins, 1 and both non-specific and specific salt-protein interactions can strongly influence protein structure and function. [1] [2] [3] [4] [5] [6] [7] [8] Phosphate and Tris buffers as well as sodium chloride are often added to aqueous protein solutions in order to stabilize native or native-like protein structure by mimicking the environment inside the cell, which has an ionic strength of ~150 mM. 9 Specific salts and other small molecules are essential in the enzymecofactor or protein-ligand interactions in such varied and vital processes as electron transport, 10, 11 ion pumping across cell membranes, 12, 13 and drug interactions. 14, 15 Some protein structural methods, such as X-ray crystallography and NMR, are not adversely affected by high salt concentrations, whereas high salt concentrations can be detrimental to the performance of electrospray ionization (ESI) and to a lesser extent matrixassisted laser desorption ionization (MALDI) mass spectrometry (MS). Salts can increase baseline noise due to the formation of ionic clusters and can cause ion suppression. [16] [17] [18] [19] [20] [21] For example, alcohol dehydrogenase tetramer ions formed by nanoelectrospray ionization (nESI) from 50 mM ammonium acetate can be measured with excellent signal-to-noise ratios (S/N), whereas the tetramer is undetectable from the same solution with 10 mM Tris or HEPES buffers. 16 Similarly, addition of 10 mM CsCl to solutions of lysozyme in 1:1 methanol:water decreases the total ion abundance for the protein by 130-fold. 17 Salt adduction to protein ions distributes the protein signal over multiple adducted ions, reducing the S/N of each protein ion, and broadens mass spectral peaks of large proteins and protein complexes for which individual adducts cannot be resolved. 19, [21] [22] [23] [24] [25] Peak broadening decreases mass measurement accuracy for these large proteins and can also inhibit the identification of covalent (glycosylations, phosphorylation, or other post-translational modifications) or non-covalent (specific ion or ligand binding) protein modifications. 23 McLuckey and coworkers found that the extent of sodium ion adduction on a protein ion formed by ESI is related to the protein pI, solution pH, and charge state. 18, 26 There is more sodium ion adduction to low charge states, 18, 21, 25-27 but there is more adduction of trivalent metal ions to high charge states.
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To reduce the adverse effects of many salts on MS performance, salts are often removed by dialysis, 29, 30 ion exchange chromatography, 16, 31 or diafiltration [32] [33] [34] prior to analysis by MS, and a myriad of products for fast filtration and online chromatographic desalting of protein solutions have been developed. However, removing even low concentrations of salts can significantly change the structure of some proteins and protein complexes. For example, NtrC4 [50] [51] [52] However, the concentration of supercharging reagent increases in the droplet as solvent evaporation occurs, and the native structure of the protein can be chemically/thermally destabilized in the electrospray droplet, resulting in partial or extensive loss of folded structure with a concomitant increase in the number of charges on the gaseous protein ions that are formed. [48] [49] [50] [51] [52] [53] Protein-protein or proteinligand complex dissociation may also occur as a result of this protein destabilization. 46, 48, 50, 51, 53 Supercharging reagents can also increase protein charging from denaturing solutions in which the protein is initially unfolded, 38-45 a result attributable to many factors, including the high surface tension of supercharging reagents compared to water-methanol-acid solutions. 40 Droplets with higher surface tension can support more charge, and this high charge density can result in the formation of high charge-state ions. Loo and coworkers showed that the presence of m-NBA or sulfolane in the spray solvent in desorption electrospray ionization (DESI) experiments performed on HPLC column effluents containing trifluoroacetic acid (TFA) Analyst Accepted Manuscript capillary inlet to the Q-TOF instrument. Nanoelectrospray was initiated by applying a potential of about +1.0 kV to a 0.127 mm diameter platinum wire inserted into the capillary and in contact with the sample solution. The nanoelectrospray potential was adjusted to optimize protein ion S/N for each tip. Values of the average number of sodium ions adducted are from four replicate measurements using four different nanospray emitters to account for tip-to-tip variation in adduction levels. All comparative S/N measurements were made using the same nanoelectrospray capillary to eliminate tip-to-tip variability, and the capillary was washed with methanol and water between each solution. All proteins were purchased as lyophilized powders from Sigma except for barnase and barstar, which were expressed in E. coli and purified as described previously. 56 Ammonium bicarbonate, sodium chloride, platinum wire, and supercharging reagents were obtained from Sigma (St. Louis, MO, USA).
Results and Discussion
Effects of supercharging reagents on protein charge and sodium ion adduction. The average charge of ubiquitin ions formed by nESI from 5 µM ubiquitin in 10 mM ammonium bicarbonate and 1 mM sodium chloride (pH 7.8) is 5.33 ± 0.01+ ( Figure 1a ). There is extensive sodium ion adduction to the 5+ -7+ charge states, with more adduction on lower charge states.
The average number of sodium ions adducted to these charge states are 3.5 ± 0.1, 3.5 ± 0.1, and 2.0 ± 0.4, respectively (Table 1 and Table S The average number of sodium ions adducted to the 5+ -7+ charge states is significantly lower when either supercharging reagent is present. The average number of sodium ions adducted to The presence of the 1 mM sodium chloride in these protein solutions has only a small effect on the charge of the protein ions formed with supercharging reagents. For example, the average charge of ubiquitin ions produced by nESI from solutions containing both added sodium chloride and m-NBA is only about one charge lower compared to that with the same amount of m-NBA but without sodium chloride added. The slightly lower charging with sodium chloride is likely due to stabilization of folded protein structure in the ESI droplet as a result of the higher ionic strength.
The same experiments were performed with nine other proteins for which sodium adducts could be resolved. The results are given in Table 1 for the most abundant charge state in each spectrum and in Table S -1 for every charge state. The presence of m-NBA or sulfolane in aqueous solutions containing sodium decreases the average number of sodium ions adducted to both the most abundant charge state and any given charge state in the mass spectra for all proteins. For these ten proteins, the number of sodium ions adducted to the most abundant charge state decreases by an average of 58% with m-NBA, and by 80% with sulfolane compared to solutions without supercharging reagents. Thus, adding small quantities of supercharging reagents is an effective way to desalt protein ions in aqueous solutions containing sodium and also increases the average charge state of protein ions formed from these native solutions.
Sulfolane at 2.5% is more effective than 1.5% m-NBA at reducing sodium adduction to protein ions. The effectiveness of m-NBA and sulfolane at reducing sodium adduction to protein ions in With 2.5% sulfolane, the average charge of the proteins increases by an average of 1.0+ from solutions containing no supercharging reagent, whereas with 1.5% m-NBA, the average charge increases by 2.5+. This result is consistent with previous results that showed that sulfolane, on a per volume basis, is a less effective supercharging reagent than m-NBA, and therefore likely disrupts native protein structure to a lesser extent than m-NBA. 51 The effectiveness of sulfolane at protein ion desalting without extensively perturbing protein structure is important for desalting non-covalent protein-protein or protein-ligand complexes. Nanoelectrospray of myoglobin ( Figure 2, Table 1 ), which contains a noncovalently bound heme group, from an aqueous solution with 10 mM ammonium bicarbonate and 1 mM NaCl results in 100% holo-myoglobin ions. Only 48% of the ion population is holomyoglobin with 1.5% m-NBA, and the charge-state distribution is bimodal, indicating that some of the myoglobin is unfolded in the nESI droplet. In contrast, holo-myoglobin is 83% of the ion population observed with 2.5% sulfolane, and the monomodal charge-state distribution indicates that there is less perturbation of the folded form of the protein in the nESI droplet.
Protein-protein complexes, such as the 22 kDa heterodimer barnase-barstar ( Figure 3 , Table 2 ), are also preserved better with 2.5% sulfolane than with 1.5% m-NBA. A nESI mass spectrum of a 6:5 molar ratio mixture of barstar and barnase in sodiated ammonium bicarbonate solution shows the 8+ through 10+ charge-state ions of the barnase-barstar complex and ions of barstar, which is the excess reagent (Figure 3a) . Because the barnase-barstar complex has a very low dissociation constant (25 ± 5 pM in aqueous ammonium bicarbonate solution, pH 7.2, 1% 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript results in measured masses much higher than calculated masses. For example, the measured mass of the 685 kDa 20S proteasome lacking an α-subunit is ~7 kDa higher than the calculated mass. 3 sodium ions adducted to these two glycoforms, respectively, and the peak widths in the spectrum are broad due to sodium adduction such that the fucosylated ions B and D are no longer evident in the mass spectrum. Sodium adducts also lead to a significant increase in the baseline at higher m/z. With 1.5% m-NBA (Figure 4c ), the charge-state distribution is shifted to higher charge, the most abundant charge state being 22+, and all of the peaks in the ion distribution are Analyst Accepted Manuscript still broad as a result of sodium adduction. The fucosylated ions B and D are not resolved, and even ion C is evident only as a shoulder on the main A peak. Ions A and C have masses that are ~230 Da and ~300 Da higher than those formed from nESI from aqueous solutions without sodium, and ~62 Da and ~111 Da higher than those from aqueous solutions with sodium. The higher mass of these ions compared to those formed from solutions containing sodium without supercharging reagents may be due to m-NBA adduction to the protein, which has been observed before by Loo and coworkers for smaller proteins. 46 With 2.5% sulfolane (Figure 4d to an average of ~0.4 sodium ions adducted. There is also a distribution of LDH tetramer with a mass of 146,619 ± 14 Da corresponding to bound NADH, a cofactor of LDH that has a mass of 664 Da. 60 With NaCl added at 5 mM concentration to this solution (Figure 5b ), the LDH tetramer peaks are broader due to sodium ion adduction, and the NADH adduct is unresolved. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 
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The measured mass of the tetramer is 146,521 ± 23 Da, and corresponds to a mass increase of ~525 Da, or an average of ~23.9 sodium ions adducted. The peaks in a mass spectrum of rabbit LDH in the same solution containing NaCl but with 2.5% sulfolane (Figure 5c 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Analyst Accepted Manuscript is often observed (Table S-3) . This can lower the protein ion S/N (Table S- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Analyst Accepted Manuscript plausible that the supercharging reagents may also block sites on the protein where sodium ions bind.
Addition of m-NBA or sulfolane to aqueous solutions containing sodium substantially increases the S/N of some protein ions owing to reduced chemical noise and fewer sodiated species over which protein signal is spread (Table S-3, Figure S-3) . For example, the S/N of the most abundant ion of barstar formed from a 5 µM solution is 7-fold higher with m-NBA than without this supercharging reagent, and there is a 2-fold enhancement with sulfolane (Table S-3).
Supercharging reagents can also decrease the limit of detection (LOD) for these protein ions formed from solutions containing sodium. The LOD for barstar from sodiated solutions, determined from protein concentration dependent measurements, is almost an order of magnitude lower with m-NBA than without (0.02 µM versus 0.12 µM) ( Table S-3) . However, the effect of supercharging reagents on the S/N and detection limit is protein dependent, and an improvement was not observed for all proteins (Table S-3) . This may be due to differences in the chemical and salt impurities in the protein samples.
Conclusions
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